Continuous and pulsed oxygen plasmas have been created in a helicon diffusion reactor used for the deposition of silicon dioxide films. An energy selective mass spectrometer and a Langmuir probe attached to the wall of the silica-covered aluminum diffusion chamber below the source have been used to characterize the plasma [ion energy distribution function (IEDF), plasma potential, floating potential, plasma density]. The ion flux can be significantly modified by pulsing the discharge. In the continuous case, the IEDF of the 0; ions escaping from the plasma to the sidewalls of the chamber' consists of a single peak at an energy corresponding to the plasma potential in the chamber (~32 V). In the pulsed case, the IEDF exhibits two additional peaks at high (~60 eV) and low (-15 eV) energy as a result of different states of the plasma during the -pulse period: three regimes corresponding to the plasma breakdown, steady state, and decay have been observed and characterized. The time decay of the fundamental mode of diffusion in the post-discharge was measured and calculated (about 1 ms). The breakdown regime is highly dependent on the state of the plasma at the end of the post-discharge. 0 1995 American Institute of Physics.
I. INTRODUCTION
The use of the helicon radio-frequency (rf) source for plasma processing has been widely demonstrated over the past decade.lm3 Silicon dioxide deposition from oxygen/ silane plasmas has been recently carried out.4*5 As there is no driven electrode, the substrate, which is placed at the bottom of the diffusion chamber attached to the helicon source, can be either independently biased or allowed to float. It has b&en shown that the ion flux impinging onto the substrate during the deposition process is an important parameter.5'6 It can be controlled by increasing the source rf power to increase the ion current or increasing the rf bias on the substrate to increase the ion energy. Another way of decoupling the roles of the neutral species and of the ions is by pulsing the plasma, as the neutral species generally have longer lifetimes compared to that of ions? Another motivation for pulsing the plasma is simply to reduce the heat load on the reactor walls and substrate.
We present here initial results obtained in the simplified case of an oxygen plasma excited in the helicon deposition reactor. Similar results were obtained for high oxygenlstiane ratios (O-JSi&=lO).
The plasma is characterized (ion energy distribution function, floating potential) in the silicacovered diffusion chamber attached to the helicon source for continuous and pulsed excitation (frequency ranging from 20 Hz to 5 kHz and duty cycle ranging from 10% to 80%). Analysis of the breakdown, steady-state, and decay regimes is made.
II. PLASMA DEPOSITION REACTOR
The reactor has been described in previous publications;'*4'5 its schematic is shown in Fig. l(a) consists of a 15-cm-diam, 30-cm-long glass tube (the source) surrounded by a helicon antenna8 and two solenoids, which are contiguous with a 35-cm-diam, 30-cm-long aluminum diffusion chamber surrounded by two solenoids. The chamber walls, covered with silica on the inside from previous operation cycles with silane/oxygen plasmas, are water cooled and maintained at a temperature of about 15 "C. The reactor (source and chamber attached) is pumped down to a base pressure of a few 10v5 Torr (1 Ton-= 133 Pa) by using a turbomolecular pump placed on top of the source. The gas inlets are situated on top of the chamber and gas flows of lo-100 seem lead to pressures of a few millitorr, measured by a baratron gauge mounted at the back of the chamber. Only oxygen is used in the experiments presented here. When operating in its resonant regime, this type of reactor produces high plasma densities:3Z9 the matching network configuration used for the experiments presented in this paper consists of a high impedance (two loops in series) silverplated cbpper antenna connected to variable vacuum capacitors to form an L resonant circuit; operating conditions are a radio-frequency (13.56 MHz) power of 800 W, an oxygen gas flow of 30 seem inducing a pressure of 2 mTorr, and a magnetic field configuration inducing a B, component of the field of about 80 G in the source and 70 G in the middle of the diffusion chamber. In pulsed operation, the rf generator/ matchbox system has rise and fall times of about 80 and 60 p, respectively.
III. DIAGNOSTICS
In order to investigate the plasma equilibrium, two types of diagnostics were mounted in turn on the chamber via the side port situated 12 cm from the bottom of the chamber cm'. The spectrometer, which was differentially pumped to a pressure of 2.10F7 Torr, was mounted directly on the chamber wall so as to provide the closest extraction possible. The spectrometer can be used either to analyze the ions (positive or negative) or the neutrals escaping radially from the plasma [ Fig. l(b) ]. In th e ex p eriments presented here, only the ions extracted directly from the plasma are analyzed. The spectrometer consists of an ion extractor with a 300~pm-diam aperture followed by an electrostatic energy analyzer matched to a quadrupole mass filter and a channeltron detector. The internal radius of the chamber and the thickness of the chamber wall are 17.2 and 1.5 cm, respectively, and the ion extractor was positioned at a radius of 19.2 cm (X axis) from the main vertical axis (z axis) of the reactor. The Langmuir probe was directly mounted on the chamber on the same port and could be moved along the chamber radius (r). Each of the two diagnostics available was used continuously but many depositions of SiOZ were done in the reactor between the series of measurements obtained with the Hiden spectrometer and the following series of measurements obtained with the Langmuir probe in the pure O2 plasma. Though the corresponding increase in the thickness of the silica covering the reactor walls is small compared to the initial thickness resulting from months of deposition, small changes in the wall state are likely to be an additional parameter. In pulsed operation, the dwell time of the spectrometer was chosen so as to average the ion collection over many pulses and the signal collected by the Langmuir probe was monitored on a high input impedance (1 Ms1) oscilloscope.
IV. EXPERIMENTAL RESULTS

A. Continuous excitation-Discharge steady state
Characterization of an oxygen plasma in the silicacovered diffusion chamber has been previously performed for continuous excitation. *O The positive and negative ions extracted from the plasma by using the mass spectrometer placed on the chamber sidewall are Ol, O+, and O-ions, respectively. The ion energy distribution function (IEDF) of the 0: ions is shown in Fig. 2 . Similar results are obtained for the 0' ions. The IEDF exhibits a single peak at an energy corresponding to the height of the sheath in front of the earthed analyzer which we take to be the local plasma potential (~32 V with respect to ground). A similar value for the plasma potential (-35 V) was obtained by positioning the Langmuir probe close to the wall (x= 16.5 cm). This high value of the plasma potential compared to previous experiments * in helicon systems with conducting chamber walls"*" is a result of the charging effect of the silica-covered insulating walls at the initiation of the discharge. A floating potential of 25-30 V with respect to ground has been measured with the LP situated very close to the wall, suggesting a positive wall potential of a few tens of volts in steady state. A plasma density of about 3.10" cmm3 was measured with the LP in the center of the diffusion chamber. 
B. High pulsing frequency-Discharge initiation
The breakdown mechanisms have been previously analyzed by Boswell and Vender in a similar system.l' They have shown that the breakdown regime corresponds to a capacitive coupling with most of the energy stored in the sheath. An experiment was carried out by forcing the plasma into such a capacitive mode: a square-wave modulation of high frequency (5 kHz) was used to pulse the plasma and this resulted in a triangle signal on the rf antenna, due to the rise and fall times of the rf generator. In that configuration the rf could not achieve any steady state and there was no postdischarge as the decay time of the rf generator is about 60 ,YS. The corresponding 0: IEDF is shown in Fig. 3 . It shows a single peak at about 60 eV. The higher ion energy compared to that of the continuous case suggests a higher plasma potential, hence a higher electron temperature.'2 Hence, by pulsing the plasma, we can double the plasma potential and this has a significant interest in ion energy-dependent surface processes.
Analysis of intermediate pulsing frequencies was then made to further investigate the continuous and breakdown regimes and to have some insight into the post-discharge regime.
C. Medium pulsing frequency
As accurate time-resolved measurements of plasma potential are difficult to perform, a first approach consists of performing real-time measurements of the floating potential by using the LP and time-integrated measurements of the IEDF by using the spectrometer. To allow a comparison between the two diagnostics, the LP was maintained very close to the wall, i.e., close to where the extractor plate of the mass spectrometer would be. Moreover, we concentrate on the floating potential as it should give an idea of the wall potential.
Ion energy distribution functions (IEDFs)
The ion energy spectrum was investigated for a variety of pulse conditions. Two typical features are shown in Figs. 4(a) and 4(b). It can be seen that there is always a dominant peak at 30-40 eV and a higher-and lower-energy peak, the energy and amplitude of which depend on the pulsing conditions.
The medium energy peak (30-40 eV) can be associated with the single peak of the IEDF observed in the continuous case (Fig. 2) , while the high-and low-energy peaks cIearly result from pulsing the plasma. The high-energy peak (50-80 eV) is likely related to the breakdown regime (Fig. 3) , i.e., to the start of the pulse. Boswell and Porteous have shown a rapid decay of the plasma potential in the post-dischargeI and this suggests that the low-energy peak (lo-20 eV) corresponds to ions extracted to the earthed analyzer in the post-discharge.
Floating potential
Time-resolved measurements of the floating potential were performed for pulsing conditions which allowed measurements of three distinct peaks in the 0: IEDF. Figure 5 shows two typical results for a time-on of 250 pus and two values for the time-off (500 ps and 2 ms). It cans be seen that a plasma exists in the post-discharge as the tloating potential is not equal to zero. As the time-off is decreased, the beginning of the time-on moves into the post-discharge of the preceding pulse and sees a floating potential which is higher.
The floating potential at the end of the 250 ,US pulse is constant and independent of the time-off. A more detailed analysis of the floating potential decay in the post-discharge was performed by applying significantly different pulsing conditions (2 ms-on/8 ms-off and 250 ,us-on/2 ms-off) and by using two methods for the measurement of Vf. The results are shown in Fig. 6 . The first "static" method consisted of connecting the LP directly to a high impedance (1 Ma) oscilloscope. The 2 ms-on/8 ms-off case allowed the plasma to be well stabilized by the end of the pulse, and to be completely extinguished at the end of the off-period. We note that very few differences in the decay time are observed between the 2 ms-on/8 ms-off and the 250 ~-on92 ms-off cases.
A second "dynamic" method was used for the 2 ms-on/8 ms-off case, which consisted of adjusting the bias on the LP for different times in the post-discharge to obtain a zero cur- rent on the probe. An agreement within a few volts was observed between both methods. It can be seen that the decay curve is universally independent of the pulsing conditions.
3. IEDFs peak energies a. High-energy peak. A wider range of pulsing conditions was applied to look at. the energy of the three peaks observed in the IEDF [Figs. 4(a) and 4(b) ]. The corresponding evolution of the energy at maximum intensity ofthe three peaks is plotted in Fig. 7 as a function of the time-off. Two consecutive series of measurements were made: the first series (shown by open triangles, squares and circles) consists of a constant time-on (250 ,us) and a variable time-off (from 125 w to 2 ms) and the second series (shown by solid triangles, squares, and circles) corresponds to a longer time scale where the plasma is pulsed with a square wave of variable frequency f, i.e., variable period T (from f = 2 kHz, i.e., t,=t,,=Tl2=250 ,us tof=20 Hz, i.e., t,,=t,,=Tl2=25 ms).
The energy of the high peak is highly dependent on the time-off. This effect indicates the importance of the time when the discharge is off, on the plasma breakdown at the beginning of the pulse. Measurements of the floating potential in the post-discharge have shown (Figs. 5 and 6 ) that the plasma is not completely extinguished a few ms after the rf has been turned off. Hence, when the time-off is reduced, the plasma density when a subsequent rf pulse is applied, is greater and less ionization is required to reach equilibrium. When the time-off is reduced to 50 ,us, the effect of the capacitive mode decreases and the energy of the high peak decreases strongly to values close to that of the continuous case (Fig. 7 ). The energy of the peak saturates at about 70 eV when boff reaches l-2 ms. At that time in the post-discharge, the floating potential has decreased to just a few volts (Fig. 6 ) and the residual ion density in the chamber is much smaller (<lo%) than the ion density at the end of the pulse (see Sec. IV D 1).
b. Medium energy peak. The energy of the medium peak does not vary significantly with the time-off. When the timeoff is minimized to 50 p, the medium peak energy of ~35 eV is very similar to that of the continuous case (~32 eV) as the rf signal on the helicon antenna is never turned off completely due to the 60 p.s decay time of the rf generator. Hence, the medium peak likely corresponds to the latter part of the 250 ,us pulse, where the plasma is in its most stabilized phase. Its energy corresponds to the plasma potential in that part of the pulse.
A small difference in energy (from 35 to 40 eV) is observed when the time-off is increased from 50 ,!G to 2 ms while maintaining a constant time-on of 250 ,US (open squares in Fig. 7 ) which could be due to a shift in the wall potential over time'o or to small changes in the plasma equilibrium during the latter part of the pulse as a result of changes in the wall state during the post-discharge.
The second series of measurements (solid squares in Fig.  7) shows that the steady state reached on a large pulsing time scale (t,,S2 ms) corresponds to a plasma potential equal to that obtained for the continuous plasma (-32 V).
c. Low-energy peak. The energy of the low peak (lo-20 ev) as a function of the time-off suggests that the corresponding ions are collected directly from a particular state of the plasma during the post-discharge. The decay time of the rf generator is about 60 ps and the decay time of the electron temperature, estimated by the decay of the oxygen atomic emission lines, is of the order of 10 ~CLS or less. The decay of the electron temperature in the post-discharge is faster than that of the plasma densityI and the plasma potential would rapidly approach the floating potential in the post-discharge. Hence, the results in Fig. 6 suggest that a plasma potential (relative to earth, not to the chamber wall) of lo-20 V still exist in the post-discharge which could be responsible for the presence of the low-energy peak. The results in Fig. 7 show that the variation of the low-energy peak when the time-off is changed is smaller than that .observed for the medium and high-energy peaks.
D. Post-discharge
Floafing potential and plasma densify
A more detailed analysis of the plasma density in the post-discharge was made: the decay rate of the positive charge current on the LP biased at -100 V was analyzed for the 2 ms-on/8 ms-off case and the corresponding plasma density (pt,) is plotted versus the time-off on a semilogarithmic scale in Fig. 8 . The corresponding values of Vf (Fig. 6 ) are also shown in Fig. 8 . After approximately 0.5-l ms, the floating potential has decreased to a few volts and the plasma density has decreased by a factor of 5. Subsequently, both decrease with a time constant of 1 ms.
During the first few hundred microseconds of the postdischarge, a number of phenomena are occurring:
(i) The initial rapid changes in V, in the first few tens of microseconds (after the rf is completely turned off) reflect Fig. 6 ) in the post-discharge measured with the LP positioned at x= 16.5 cm for a 2 ms-on/g ms-off puIsed excitation (same power and pressure conditions as in Fig. 2 ).
the loss of fast electrons with a small decrease in nP as the positive ions stream to the wails with a velocity dependent on their ambipolar speed during the discharge.
(ii) Following the rapid cooling of the electrons, attachment will occur and the diffusion will begin to be dominated by the movement of cool ions (positive and negative) in a plasma with a plasma potential decreasing as a result of the electron density decrease (attachment) in order to maintain sheath equilibrium. As shown by Boswell and Vender,14 the ion velocity is about twice the thermal velocity in the postdischarge of a parallel plate Particle In Cell computer simulation, and the decay rate of this diffusion mode, which proceeds for a few hundreds of ,us, would be about 400 J.JS which can be seen in Fig. 8 . The authors above have also shown that the positive-ion velocity in the post-discharge of an electronegative plasma depends on the energy distribution function of the negatively charged particlest5 and the latter is likely a changing parameter when varying the operating conditions.
(iii) Moreover, the walls are still charged and the decrease in Vf as a function of time shows that, during this variation, more negative ions are lost from the plasma than positive ions. An electric field must be created in the plasma to drive this diffusion which will proceed more rapidly than the fundamental mode, corresponding to a simple diffusion of ions in a cavity filled with the thermal O2 neutral gas, but less rapidly than the ambipolar driven diffusion existing during the discharge.
(iv) Following the enhanced loss of negative ions and the collapse of the plasma potential during this higher mode of diffusion, the cold plasma of positive and negative ions diffuses with a time constant of about 1 ms. Equality of positive and negative fluxes exists at the wall and no electric field is present in the discharge. This second mode of diffusion is equivalent to the fundamental mode of the cavity and its decay rate can be calculated by assuming diffusion in a cylindrical chamber.'6,'7 2, Fundamental mode of diffusion time-on The decay rate of the charged particle density in a cylindrical cavity after the ionization has been turned off can be estimated by the following:
Assuming a simple diffusion of the 0,') Of, and Oions in an O2 gas at a pressure p of 2 mTorr and a temperature T of 300 K equal to the positive (T+) and
negative (T-) ion temperatures (T= T-= T+) . (ii)
Neglecting the effect of the static magnetic field on first order: the Larmor radius of a 0; ion of thermal velocity about 4.10' m s-i is about 2 cm and the total cross section for a 0: ion in a 0, gas is about 5. lo-l5 cm" inducing a mean-free path of a few centimeters at a pressure of 2 mTorr. (iii) Assuming no reflection at the wall and a constant average diffusion coefficient D' for the positive ions and a decay of the positive particle density as e-*lr. 
where A is the diffusion length of the cavity and D+ the diffusion coefficient of the positive ions.
The diffusion length of a cylindrical cavity is defined by $( ?J+( y, 0)
where r and H are the radius and height of the cavity, respectively.
In the fundamental mode where T+ = T-= T, the diffusion coefficient of the positive ions is given by (3) where D, is the ambipolar diffusion coefficient.
For ions in thermal equilibrium with the gas at temperature T, the relationship between the coefficient of diffusion D and the mobility fi is
where k is the Boltzmann constant and e the electron charge. The pressure-ambipolar diffusion coefficient pD, can be estimated for oxygen ions in oxygen using the data reported in the literature for helium:t6.i7 i%ioQ=k$9He~ L (5) where & is the zero-field mobility of the ions in the corresponding gas and p is the gas pressure.
4 pressure-ambipolar diffusion coefficient (pD,) of 460 cm'mmHg s-i and a zero-field mobility (Elgf) of 10.6 cm' V-' s-i have been reported for helium. Zero-field mobilities of 0: and O+ ions in oxygen are in the 2.1-2.5 cm2 V-' s '-' range. By assuming an average mobility of 2.3, Eq. (5) leads to a pressure-ambipolar diffusion coetficient (p 0,) of about 100 cm' mmE-Ig s-i for oxygen. Equation (3) gives a diffu- FIG. 9 . Schematic of the pulsing conditions and corresponding ion current contributions for each peak (see Fig. 4j for t,, =ZSO ,us. sion coefficient of about 25.103 cm2 s-' (pD+=pD,/2) in oxygen at a pressure of 2 mTorr (1 mmHg=l Torr). The diffusion length of the 17-cm-radius, 30-cm-long chamber is about 5.7 cm, leading to a decay rate of about 1 ms [Eq. (l) ]. This calculated decay rate is in good agreement with the experimental decay rate. This rather long decay time compared to electropositive plasmas likely results from the electronegativity of our oxygen plasma.14
IEDFs peak intensities
The previous approach on the plasma diffusion in the post-discharge allows a more detailed analysis of the ion energy spectra obtained with the spectrometer. Though the absolute number of ions related to each peak corresponds to the peak area, analysis of the results will simply be made using the peak intensity. Moreover, only a global analysis of the results will be made as the spectrometer measurements correspond to timeintegrated measurements over many pulses and the time evolution of the plasma potential during a pulse is an unknown parameter. As schematically shown in Fig. 9 for t,, equal to 250 ,!,bs, the high-, medium-, and lowenergy peaks are associated with the breakdown, steadystate, and decay regimes induced by pulsing the plasma, respectively. The duty cycle DC is defined by to,J(ton+toF), and the effective duty cycle DC, for a particular peak i (i=high, medium, or low) at energy eVj is Atil(t,n+to~j, where At, is the time during which the plasma potential is Vi. The intensity measured by the spectrometer corresponds to the time integration over Ati of the ion intensity signal I(t) divided by the period (ton+toR): 
For the medium-and high-energy peaks, only a quaiitative description can be made as the plasma potential evolution during the pulse is not known. The evolution of the peak intensity versus the time-off is shown in Figs. 10(a) and 10(b), respectively.
The high-energy peak intensity varies as llt,n: an increase of the time-off by a factor of 10 (from 50 to 500 p) results in an equivalent decrease in the high peak intensity (from ~5.10~ to '5.104 cts s-t). However, when toff is increased from 50 to 500 ps, the duty cycle decreases by a factor of 2.5 (from 83% to 33%). Hence, the decrease of the factor of 10 in the peak intensity shows that the time integration of I(t) over At,,, is about four times higher for the 50 ,us-off case than that of the 500 w-off case. This is not inconsistent with the results of Fig. 8 , which shows that the initial plasma conditions at the beginning of the pulse strongly differ in both cases: when t,n is increased from 50 to 500 ps, the density of positive ions escaping the plasma decreases by a factor of about 3 while the floating potential decreases from 25 to 15 V. This last point will probably alter the plasma potential time evolution during the pulse hence modifying At,,, .
The variation of the medium energy peak intensity is similar to that of the high peak, i.e., as 1 ltoFf. An increase of the time-off by a factor of 10 (from 50 to 500 psj results in an equivalent decrease of the peak intensity (from ~2.10~ to 2. 10' cts s-l) and the discussion on Atmedium should be similar to that of A thigh. When the time-off is minimized to 50 ,xs, the intensity (~2.10~ cts s-l) of the peak is very close to that of the continuous case (~3.10~ cts s-t) as the rf signal on the helicon antenna is never turned off completely due to the 60 ,LS decay time of the rf generator.
The low-energy peak intensity is plotted as a function of the time-off in Fig. 11 . The variation of the peak intensity as a function of the time-off is significantly different from that observed for the medium-and high-energy peaks. Figure 6 showed that the decay curve of the floating potential is universally independent of the pulsing conditions and the simplest analytical model of the low-energy peak intensity versus the time-off can be made with the following assumptions:
!ij
The plasma potential at the wall is assumed to be constant in the post-discharge and equal to the energy V,,, of the low peak. (ii)
The .variation of the plasma density in the postdischarge results from two modes of diffusion, a high mode and a low mode, the latter corresponding to the fundamental diffusion mode of the cylindrical cavity.
The time evolution of the ion density corresponding to the high mode of diffusion can be described by where I,, is the ion density at the end of the pulse (t,,n=O) and Q-, is the decay rate of the high diffusion mode (7-t-400 I-.)* The ion density corresponding to the fundamental mode of diffusion is 11=Io2 exp-(toff-f2) r.2.
for to+1 ms, where I,, 1s the Ion density at tog--t2= 1 ms and r2 is the decay rate of the fundamental mode of diffusion (~~'41 ms).
The results in Fig. 8 show that I I 01 o2=7.
(9) For post-discharge durations smaller than 1 ms, the ion density corresponding to the low-energy peak measured by the spectrometer can be estimated as follows: The calibration between the two diagnostics (LP and spectrometer) was made at ton= 1 ms and the results obtained from the model are shown in Fig. 11 . A good agreement between the calculated and measured intensity of the lowenergy peak is obtained. This simple model does not take into account the plasma potential variation in the postdischarge, which would be necessary for a more accurate modelling of the EDF's low peak. Still, it shows that the low-energy peak observed in pulsed EDFs can be associated to the decay of the plasma in the post-discharge.
V. CONCLUSION
Analysis of the continuous discharge has shown that a higher plasma potential (about 30 V) is obtained in our deposition system compared to previous measurements in a system with conductive chamber walls, as a result of the charge effect of the wall towards positive voltages at the initiation of the discharge. Moreover, the plasma potential can be doubled (about 60 V) by pulsing the discharge at high frequency (5 kHz) so that no post-discharge-and no steady-state regimes exist and the coupling is maintained capacitive. Changes in the ion energy distribution function have also been observed in pulsed operations using medium range frequencies (from 20 Hz to 2 kHz). Analysis of these changes has lead to some insight into the plasma breakdown, steady-state, and postdischarge regimes. The time decay of the fundamental mode of diffusion in the post-discharge is about 1 ms and the breakdown mechanism highly depends on the plasma remaining at the end of the post-discharge. Still, further experiments need to be carried out for a more detailed understanding of the time-dependent plasma parameters, as it should be of great interest when analyzing the plasma-surface interaction during deposition.
